We interpret the 2 TeV excesses at the LHC in a left-right symmetric model with Higgs doublets and spontaneous D-parity violation. The light neutrino masses are understood via a linear seesaw, suppressed by a high D-parity breaking scale, and the heavy neutrinos have a pseudo-Dirac character. In addition, with a suppressed right-handed gauge coupling gR/gL ≈ 0.6 in an SO(10) embedding, we can thereby interpret the observed eejj excess at CMS. We show that it can be reconciled with the diboson and dijet excesses within a simplified scenario based on our model. Moreover, we find that the mixing between the light and heavy neutrinos can be potentially large which would induce dominant non-standard contributions to neutrinoless double beta decay via long-range λ and η neutrino exchange.
pattern of symmetry breaking. While the generic solution M ≈ 10
14 GeV and y ≈ 1 will result in the observed small neutrino masses, models with relatively light M ≈ 100 GeV -1 TeV have the benefit that they can be probed directly at colliders such as the LHC. While this seems to require tiny couplings y, extending the heavy sterile neutrino sector or taking into account the flavour structure will allow the couplings and masses to conspire to produce small neutrino masses with large couplings y. Rather we discuss here the linear seesaw mechanism [5] and its possible implications to neutrino masses, lepton flavor violation, neutrinoless double beta decay and Collider studies in a class of TeV scale left-right symmetric model (LRSM).
In this paper we propose an extended left-right symmetric model (LRSM) based on the gauge group SU (2) L ×SU (2) R ×U (1) B−L ×D with doublet Higgs and spontaneous D-parity breaking [6] , to explain the light neutrino masses via a linear seesaw mechanism. The extension of the LRSM [4] is provided by a singlet fermion S. We show that the suppression of neutrino mass arises through the large D-parity breaking scale that generates the small scale of lepton number violation, while allowing SU (2) R × U (1) B−L to be broken at the TeV scale. We embed the low energy left-right symmetric model in a non-supersymmetric SO(10) GUT to calculate the difference between the left and right sector gauge couplings g L and g R after D-parity breaking.
The main focus of this paper is on the interpretation of the various excesses observed at the LHC around the energy scale of 2 TeV. Starting with the excess in two leptons, two jet eejj final state at CMS [7] , which can be better understood in our model due to suppressed righthanded SU (2) R gauge coupling at the electroweak (EW) scale. In addition, the fact that the heavy neutrinos are of Pseudo-Dirac type guarantees that the two leptons in the process have opposite sign, in agreement with the observation (as has also been noted in Ref. [8] ).
Starting with the excess in two leptons, two jet eejj final state at CMS [7] , which can be better understood in our model due to suppressed right-handed SU (2) R gauge coupling at the electroweak (EW) scale. In addition, the fact that the heavy neutrinos are of Pseudo-Dirac type guarantees that the two leptons in the process have opposite sign, in agreement with the observation (as has also been noted in Ref. [8] ).
Although the observation of the eejj excess was one of the first motivations to consider LRSMs, subsequent reports of several resonance excesses in different final states with a mass around 2 TeV has led to an increased interest in these scenarios. Among them, most notable are, the diboson excess [9] in fully hadronic decays of the final state bosons as reported by ATLAS, the diboson excess [10] in semi-leptonic final state observed by CMS and the excess in W boson, SM Higgs final state [11] reported also by CMS. For any LRSM, explaining the eejj excess, it is important to have consistency with all these excesses as well. It is crucial to note that none of these excesses are statistically significant and the results of ongoing Run -2 at 13 TeV are necessary for the confirmation. We take into account the above said and few other channels to which the model under consideration is sensitive and perform a rough simultaneous fit to the mass of the heavy neutrino, the right handed W boson along with their respective mixing angles.
The paper is arranged as follows. In Section II, we briefly discuss the LRSM with doublet Higgs and spontaneous D-parity breaking. Section III is devoted to the calculation of the neutrino mass via the linear seesaw mechanism and the consequences for neutrinoless double beta decay. Section IV estimates the mismatch between the gauge couplings by embedding the low energy LRSM in a non-supersymmetric SO(10) GUT. In Section V we then discuss how the various excesses at the LHC can be understood in our framework before we conclude in Section VI.
II. LRSM WITH HIGGS DOUBLETS
In the usual left-right symmetric extension [4] of the Standard Model, the gauge group is expanded to
B is baryon number and L is lepton number. The electric charge Q and the hypercharge Y are related to the quantum numbers of the group as [4] 
The conservation of left-right parity implies that all lefthanded fermions have right-handed partners. Therefore, the model accommodates automatically a right-handed neutrino N per family, which is singlet under the SM gauge group. In the LRSM,the choice of the discrete left-right symmetry i.e. either Parity P or charge conjugation symmetry C, plays a crucial role. In addition to the usual parity of the Lorentz group (denoted by P), a discrete left-right symmetry called D-parity (similar to charge conjugation symmetry) that acts on the left-right symmetric gauge group is also assumed to be conserved. For the usual fermions, i.e. quarks and leptons, these two parity operations can be identified with each other. However, scalar particles, which transform under the Lorentz group trivially, can be transformed under the D-parity non-trivially, as they belong to non-trivial representations of the left-right symmetric group. For example, in the usual convention, the charge conjugation operator of the left-right symmetric group is identified with Dparity. Then the D-parity would transform a scalar belonging to a representation R of the left-right symmetric group to a representation R * . In that case the breaking of D-parity could take place at a different scale than the breaking of parity P of the Lorentz group. Since the breaking of the left-right symmetric group is always associated with the breaking of parity P of the Lorentz group, this means that the D-parity breaking scale could be decoupled from the left-right symmetry breaking scale. Details of left-right symmetric models with spontaneous D-parity breaking can be found in [6] .
The particle content of the model and the gauge transformation under G LR × D is given as follows [12] . The fermionic representations are (per generation)
The scalar sector consists of
where the quantum numbers inside the parentheses are under the gauge group
The only particle η is odd under D-parity while rest of the particles are even. In the fermion sector we have included singlet fermions S, which will eventually couple to the left-handed neutrinos.
A. Symmetry breaking
The electroweak symmetry is broken by a bi-doublet scalar field Φ, which gives Dirac masses to all charged fermions and also to neutrinos. In addition, we introduce a right-handed doublet scalar field H R and its leftright symmetric partner H L . The former breaks the leftright symmetry and mixes the singlet fermion S with the right-handed neutrinos, while the field H L acquires a much smaller vev and mixes S with the left-handed neutrinos. Finally we add a D-parity odd singlet scalar field η, whose vev breaks the D-parity while keeping the leftright gauge symmetry intact. The symmetry breaking pattern can thus be written as [6, 12] 
We define the vevs of the various fields as
The scalar potential contains the usual quadratic and quartic terms. Several phenomenology aspects of this potential were previously discussed in [12] . The terms relevant for the purpose of our discussion are given by
withΦ = τ 2 Φ * 1 τ 2 while µ h as the bare mass term for scalar doublets and µ 1,2 , M being the trilinear coupling parameters having mass dimension one. Minimization of this potential with respect to the various fields would give us the consistency conditions and relationships between the various vevs [12] . The minimization condition that is relevant to our discussions is given as
From the above expression it is evident that the minimum allows a left-right symmetric solution only for η P = 0. When the D-parity is broken by the vev of the D-parity odd singlet scalar η = η P , the vev of H L becomes much smaller than the vev of H R . Defining M D as the D-parity breaking scale and using allowed model parameters, 
Similarly to the D-parity violating conditions in models with triplet Higgs scalars [6] , a fine-tuning of the parameter M for a given value of the vev of the singlet field η P can allow a right-handed doublet field H R with mass in the TeV range so as to make it accessible at the LHC. At the same time, the mass of the left-handed scalar doublet H L can be several orders of magnitude larger, which then implies that the vev of this field must be orders of magnitude smaller than the electroweak symmetry breaking scale. In this work we will assume that the Higgs fields are heavier than the right-handed W R boson to be discussed below. This will simplify the discussion of the LHC signatures as the only non-SM particle assumed lighter than W R will be a heavy neutrino.
B. Gauge bosons
After spontaneous symmetry breaking of the left-right gauge and the D-parity the mass matrix for the left-and right-handed charged gauge bosons
where
Diagonalizing the above mass matrix, the physical masses of the charged gauge bosons are
where g L (g R ) is the gauge coupling for gauge group SU (2) L (SU (2) R ). The mixing between the left-handed and right-handed gauge bosons which can be obtained from Eq. (10) is
Choosing a hierarchy between the vevs of the bi-doublet can suppress this mixing, but a mild hierarchy is phenomenologically consistent with fermion masses with large hierarchy between respective Yukawa couplings.
With g R /g L ≈ 0.6 from the embedding in SO (10) 
where g BL is the gauge coupling for U (1) B−L which is related to the U (1) Y SM gauge coupling as 1/g
It is clear from the above mass matrix that one of the mass eigenvalues is zero as the determinant vanishes and we denote this physical state as photon. The diagonalization procedure yields SM Z and heavy Z R mass eigenstates
As we have a hierarchy between the different vevs ac-
For generic g R = g L scenarios, the mass relation between the two gauge bosons is given by
with the SM weak angle θ W . Hence,
Using the above relation one can derive a lower bound g R /g L > 0.56. Using 8 TeV ATLAS 20.3 fb −1 luminosity data, the derived bound on Z R is M Z R > 2.2 TeV [13] for a range of g R values consistent with the above mass relation. It is interesting to note that the ratio of couplings needed to reconcile the excesses in our model is close to the theoretical limit, making the mass of the right-handed Z boson arbitrarily heavier as compared to W R . This means, that the Z R will be potentially out of reach at the LHC.
III. NEUTRINO MASS VIA LINEAR SEESAW
Let us write down the relevant Yukawa terms in the Lagrangian that contribute to the fermion masses [12] ,
with
The singlet Majorana field S in Eq. (17) is defined as
The vevs of H L , H R and Φ will generate a mass matrix of the neutral fermions in the Majorana basis ψ
with the neutral lepton mass matrix
From the interaction Lagrangian given in Eq. (17), m D = h k 1 + h k 2 is the Dirac neutrino mass mixing for the leftand right-handed neutrino states,
It is usually difficult to get a small mass µ S for the singlet field S in any left-right symmetric model, particularly the ones originating from a Grand Unified Theory (GUT). In the present model, we prevent the bare mass of the field S by introducing a global U (1) X symmetry, and assigning X = 1 for the field S and X = −1 for the fields H L and H R . This ensures µ S = 0 while allowing all other terms in the mass matrix. Although the vev of the field H R breaks the U (1) X global symmetry, this cannot generate µ S as there are no D-parity even singlet scalar fields acquiring vevs in the model. The D-parity odd field η does not have any interaction with the field S, and hence, its vev cannot contribute to the mass of S. Therefore, the neutrino mass is entirely given by a linear seesaw. From Eqs. (8), (19) and with the hierarchy M > m D m L we obtain the light neutrino mass matrix as
Majorana mass of the light neutrinos arising through the combined vevs of HL and HR.
Additionally, we get two heavy pseudo-Dirac states, whose masses are separated by the light neutrino mass, given by
From Eq. (20) it is clear that the light neutrino mass is suppressed by the parity breaking scale. The smallness of v L thus ensures the smallness of the observed sub-eV scale neutrino masses. The SU (2) R × U (1) B−L breaking scale v R can be as low as a few TeV. This is in contrast to the usual left-right symmetric model without D-parity, where the neutrino mass is suppressed by v R and hence cannot be brought to TeV scales easily. Note that the vevs of H L and H R break lepton number by one unit individually; thus, their combination gives the Majorana nature of light neutrinos. This can also be understood from the Feynman diagram as shown in Fig. 1 .
A. Unitarity and lepton flavor violation
Order-of-magnitude-wise and neglecting any flavour structure, we have m D ∼ 1 GeV, M ∼ 10 3 GeV and m L ∼ 100 eV, resulting in m ν of order 0.1 eV. As usual, seesaw mechanisms with additional fermions induce violation of unitarity [14] . Defining Θ, as the mixing between light and heavy neutrinos, and , as a measure of deviation from unitarity in the PMNS mixing matrix in the light neutrino sector, one can express the leptonic mixing matrix as
The unitarity violation is therefore of the order m 2 D /M 2 . The off-diagonal eµ, eτ and µτ elements of are currently constrained to be smaller than 10 −5 , 10 −4 and 4 × 10 −4 , respectively [15] . In particular the eµ entry plays a leading role, as it induces the decay µ → eγ. In fact, the branching ratio is given by [16] BR(µ → eγ) = 3α 32π
where M i are the heavy neutral fermion masses and
is a loop-function of order one. We do not study in detail here the flavor structure of the Yukawa matrices, but setting M i = 1 TeV would result in
The current limit derived from MEG experiment is BR(µ → eγ) < 5.7 × 10 −13 [17] giving a similar limit on Θ ∼ m D /M as the unitarity constraints.
Since we work in a left-right symmetric framework, there are several additional diagrams that contribute to low energy lepton flavor violating processes. In the present doublet version of the left-right symmetric model, the most relevant contribution to µ → eγ is from the loop exchange of a heavy right-handed W R boson and neutrino N . With respect to the LHC signatures we will assume that there is only one N that dominantly couples to electrons, and that the neutrino generations are aligned with the charged lepton flavors. In this scenario we neglect the W R induced flavor violation.
B. Neutrinoless double beta decay
LRSMs can give rise to a large number of non-standard contributions [18] [19] [20] [21] [22] [23] to neutrinoless double beta decay in addition to the standard light neutrino exchange neutrinos. Regarding the heavy neutrinos, as they form three quasi-Dirac pairs of mass M with essentially negligible splitting of order m ν , i.e. of order 10 −10 GeV, their contributions via left-or right-handed currents are negligible. However, the active neutrinos can couple to the right-handed W R bosons through the LR neutrino mixing of order Θ ≈ m D /M . Such contributions are a priori not negligible and potentially interesting. Diagrams exist in which a light neutrino mediates neutrinoless double beta decay by coupling to both the left-and right-handed W boson. These contributions, referred to as λ and η diagrams [18] , are not suppressed by the light Majorana neutrino masses, as no helicity flip is required. The former is suppressed by (W/W R ) 2 in the amplitude as the one of the Fermi interactions in the standard exchange is replaced by a right-handed current, whereas the latter is suppressed by sin θ W LR from a W L − W R mixing. The neutrinoless double beta decay amplitudes for these two contributions are approximately given by [18] 
Here, |q| 100 MeV is the virtual neutrino momentum and the factor 10 −2 comes from the nuclear matrix element as normalized with respect to the light neutrino exchange diagram (we assume Germanium as isotope). Defining θ 0ν ≡ |(U PMNS Θ † ) ee |, the half-life for neutri-noless double beta decay arising from the λ and η diagrams can be expressed as
These predictions can be compared with the current limit T 0ν
3×10
25 y on the half-life of neutrinoless double decay [24] [25] [26] . This means that the individual contributions would alone begin to saturate the current experimental limit for M W R ≈ 2 TeV and sin θ in the linear seesaw. In this conclusion, we neglect possible cancellations between contributions. In the regime suggested by the LHC excesses, the η diagram contribution to neutrinoless double beta decay half-life gives the strongest constraint on θ 0ν and it thus sharply restricts the allowed mixing between the light and heavy neutrinos.
IV. EMBEDDING IN SO(10) AND gL/gR
Our framework of a LRSM with doublet and bi-doublet Higgs fields can be embedded in a non-supersymmetric SO(10) model including gauge coupling unification and TeV scale W R gauge bosons. The breaking scheme, which has a Pati-Salam symmetry as an intermediate step can be as follows [6] SO(10)
The spontaneous symmetry breaking of SO(10) down to low energies is provided by different Higgs multiplets contained in various Higgs representations of SO(10), i.e. 10 H , 16 H , 54 H and 210 H . The first stage of symmetry breaking SO(10) → G 224D with g L = g R is achieved by assigning a non-zero vev to 54-dimensional representation of SO(10), i.e., ρ(1, 1, 1) ∈ 54 H . Since ρ is a D-parity even scalar and singlet under the Pati-Salam gauge group, the latter remains intact even after ρ taking its non-zero vev. The second stage of symmetry breaking G 224D → G 224 happens when the D-parity odd scalar singlet η (1, 1, 1) ∈ 210 H acquires a non-zero vev leading to g L = g R . The third stage of symmetry breaking G 224 → G 2213 occurs when Σ (1, 1, 15) ∈ 210 H takes a nonzero vev by breaking SU (4) C down to SU (3) c ×U (1) B−L at the mass scale M C . The subsequent step of symmetry breaking G 2213 down to the SM gauge group G 213 is achieved by assigning a non-zero vev to Higgs doublet H R contained in 16 H . The final stage of symmetry breaking is provided by the SM Higgs doublet contained in 10 H of SO (10) . [27] . The diquark Higgs scalars, if additionally included in the framework, also get their masses at M C (≈ a few TeV), leading to neutronantineutron oscillation with mixing time close to ongoing experimental search limits [27] [28] [29] . The crucial breaking step G 2213 → G SM occurs at the M R scale such that one can have M W R within the TeV range. At the end, the SM symmetry breaking via a bi-doublet is needed for providing correct masses and mixing of fermions as well as to give mass to gauge bosons and the Higgs scalar. Figure 2 shows the gauge coupling unification, with the associated mass scales and the prediction for the coupling ratio between the SU (2) L and SU (2) R gauge groups near the electroweak scale. However, we have introduced an extra 16 H and 210 H in addition to the usual 10 H , 16 H , 54 H and 210 H while performing the renormalization group evolution in order to achieve the unification of gauge couplings. For a detailed discussion on the relevant formalism, see Refs. [22, 29] . From Fig. 2 , the various mass scales are found to be M R = 8 TeV, M C = 10 5 GeV, M D = 10 9.6 GeV and M U = 10 15.9 GeV, which are consistent with the gauge coupling unification while predicting the desired coupling ratio between g L and g R at TeV scale,
This analysis should be understood as a demonstration that our framework can be implemented in GUTs, and as a reminder that left-right symmetric models with Dparity breaking allow for different gauge couplings g L = g R . The latter fact can be used to explain the eejj and dijet excesses at the LHC discussed in the next section. The scenario discussed here is not the only option to achieve differing left and right gauge couplings at the TeV scale. Other possibilities are for example explored in [30, 31] .
V. LHC SIGNATURES A. Experimental picture
One of the most sensitive processes to probe Left-Right symmetric models at the LHC is given by heavy righthanded W boson and neutrino exchange leading to the signal pp → W R → N l
+ 2 jets [19, [32] [33] [34] [35] [36] [37] [38] . Both the CMS and ATLAS collaborations have reported updated bounds on the mass of the right-handed charged gauge boson in the LRSM from their analyses of events at the center of mass energy √ s = 8 TeV with an integrated luminosity of ≈ 20 fb −1 [7, 39] . The two analyses treat events with two electron and two muons separately but they differ in that the CMS analysis does not differentiate between lepton charges, i.e. it includes both opposite sign and same sign leptons, whereas the ATLAS analysis only considers same sign lepton signatures as expected with a pure Majorana neutrino involved in the process. Observing no significant excess in either the ee, or µµ channel, both collaborations quote a lower limit at 95% CL on the W R mass of the order M W R > 3 TeV, for
The CMS data exhibit an excess in the ee channel with a local significance of 2.8σ for a W R mass of M W R ≈ 2.1 TeV. The excess is seen exclusively in the opposite sign channel e + e − , with 13 potential signal events. Only one same sign electron event was observed [7] . Neither ATLAS nor CMS attempt to search for lepton flavor violating signatures; instead, the CMS analysis uses e ± µ ∓ events to determine the background from data. In the following, we attempt to interpret the CMS excess in our model. This seems especially interesting as there have been a number of additional (individually nonsignificant) excesses around the energy scale M ≈ 2 TeV by both CMS and ATLAS.
When trying to interpret the excess in terms of resonant W R production and decay via an on-shell heavy neutrino, several issues have to be solved:
(i) The eejj excess is too small when compared to the predicted cross section in the minimal LRSM using g R = g L by a factor of ≈ 3 − 4. As first reported in [38] , this issue is straightforward to understand in LRSMs without manifest left-right symmetry and g R ≈ 0.6g L as is the case in our model.
(ii) Neither ATLAS nor CMS see any excess in same sign lepton channels as expected in LRSMs with a pure Majorana neutrino where the number of same and opposite sign lepton events should be equal. This is easily reconciled in our model which incorporates QuasiDirac heavy neutrinos where the relative mass splitting ≈ m ν /M between the Majorana components is vanishingly small and only opposite sign lepton events are expected.
(iii) There is no excess in the µµjj channel. In fact CMS sees slightly fewer events than expected from the background for an invariant mass M µµjj ≈ 1.5 TeV. The phenomenologically most straightforward explanation for the lack of the µµ excess is the assumption that only one heavy neutrino is lighter than the W R and it dominantly couples to electrons. This would also mean that the righthanded currents are largely aligned with the charged lepton flavors and the heavy mixing matrix would be close to unity (neglecting the small non-unitarity). We will use this as a working assumption, although other solutions with non-trivial mixing (e.g. to the τ lepton) are possible [8, 40, 41] 1 .
(iv) The CMS collaboration does not see a localized excess in the invariant mass distribution of the two jets and the sub-leading lepton l 2 as expected from the decay N → l 2 jj. Although the leading and sub-leading lepton cannot be identified on an event-by-event basis, the leptons can be ordered by p T , which should produce a characteristic excess distribution in m l2jj . It is not clear how significant the absence of such a distribution is as its shape will depend on the mass of the heavy neutrino in the signal process and the low statistics might not allow to draw a conclusion. Another possible explanation is that the signal events are partially generated in another, kinematically different, signal process. An example would be that the neutrino decays in a lefthanded current process via an on-shell SM W boson as discussed below. Alternatively, a second neutrino with a different mass and non-trivially coupling to τ concurrently contributes to the signal [40] . It is worthwhile to note that the CMS collaboration also does not see localized excesses in other distributions such as based on the invariant masses of other final state particles, e.g. m (v) Last but not least, the reported excess of 2.8σ lo-cally is currently not high enough to be statistically significant. Nevertheless, the combination with other LHC excesses around the resonant mass M ≈ 2 TeV provides motivation to explore the observed excess despite its insufficient significance. Other analyses in the context of LRSMs were performed in [40, [42] [43] [44] [45] [46] [47] . The excess has also been discussed in wider theoretical contexts [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] .
It is indeed intriguing to consider that all the various excesses around 2 TeV can be understood within leftright symmetric scenarios [66, 67] . The different excesses can be summarized as follows:
1. Diboson hadronic final states: Both ATLAS and CMS have performed searches for a resonance hadronically decaying into a pair of the SM gauge bosons [9, 68] . The jets emerging from the decays of the gauge bosons are nearly collinear and form a so called fat jet. The ATLAS search has a mild discrimination between fat jets emerging from the decays of W and Z. Consequently, the results can be interpreted as decays of a resonance into W Z, ZZ and W W final states with overlapping events. ATLAS reports a local excess of 3.4σ, 2.9σ and 2.6σ in these channels, respectively, in the region ≈ 1.9 − 2.1 TeV, while CMS observes a 1.4σ excess at ≈ 1.9 TeV with no discrimination between W and Z tagged jets. It should be noted that there are subtleties involved regarding the jet substructure in the experimental analysis, which could be improved in Run-2 as suggested in e.g. [69] .
Diboson semileptonic final states:
A CMS search [10] for a resonance decaying to SM gauge bosons with leptonically tagged Z sees an excess of 1.5σ around 1.8 TeV.
3. Gauge boson -Higgs final state: A CMS search [11] for a resonance decaying to SM W and Higgs H, where W decays leptonically and a highly boosted H decays to pair of b jets, sees an excess of 2.2σ around 1.8-1.9 TeV.
4. Dijet final state: Both ATLAS and CMS observe an excess in the dijet distribution of the decay of a resonance to two jets around 1.8 TeV with a significance of 1σ and 2.2σ, respectively [70, 71] .
Although the above searches see an excess in the similar mass bins and hence generate a lot of interest, many other searches which are also sensitive to the decays of a W R do not see any excess:
1. Diboson semileptonic final states: ATLAS performed a search for a resonant diboson decay with subsequent leptonic decays of W and hadronic decays of Z [72] . The search sees no excess of events around 2 TeV. ATLAS also performed a search in a diboson final state with leptonically decaying Z and hadronically decaying W [73] with no excess events seen. We do not attempt to explain the nonobservation in this channel in our work. A possible way to reconcile results of this search with other excesses can be found in for example [74] .
2. Gauge boson -Higgs final state: Both ATLAS and CMS performed searches for a resonance decaying to a SM gauge boson and a Higgs. While AT-LAS searches for leptonic decays of the gauge boson and the Higgs decaying to bb [75] , CMS searches for hadronic decays of the gauge boson and the Higgs decaying to τ τ and W W * [76, 77] . No excess events were seen in either search.
3. Third generation quarks final states: Any heavy charged particle producing an excess in a dijet final state should also result in signal with third generation SM quarks. Both ATLAS and CMS performed searches for a resonance decaying to top and bottom final states, where the top decays either hadronically [78] or semileptonically [79, 80] . Neither of these searches report any excess of events.
B. Theoretical prediction
Understanding the diboson and dijet results in a common LRSM framework has been attempted the recent work [44] . In order to combine them with an interpretation of the CMS eejj excess, we use the following values for the fitted cross sections derived from the LHC excesses [44] ,
The numbers for the individual channels were derived by summing over the bins around 1.8-2.1 TeV and performing a cut and count analysis on this enlarged signal region. The input for producing these numbers are the number of observed events, expected backgrounds, efficiencies and systematic uncertainties, as published by ATLAS and CMS.
In addition to the analysis in [44] , we here also include the CMS eejj excess in the analysis. We estimate the cross section σ(pp → W R → N e → eejj) by taking into account the experimental efficiency = 0.754 for W R ≈ 1.9 TeV and N R ≈ 1.6 TeV, cf. table A18 in [7] . The observed number of events is 14 with an expected background of 4 events. We assume all 10 signal events are within the resonance peak and hence derive a signal cross section of 0.66 fb. Clearly, the assumption that all signal events belong to the peak is an approximation. We also do not account for any systematic uncertainties or any other factors. However, in order to compensate for this, we assume a rather large error of 0.4 fb on the signal cross section, σ(pp → W R → N e → eejj) = 0.66
A detailed simulation of various processes is beyond the scope of this paper, but we attempt to demonstrate that the diboson and dijet excesses can be understood together with the CMS eejj excess within the context of LRSMs. The total cross section for W + R and W − R can be expressed as [83] 
The function f q1q2 = A q1q2 exp(−B q1q2 M W R / √ s) approximates the PDF folded cross section of a resonant production with the fitting parameters in this case given by A ud = 2750, B ud = 37 and A dū = 1065, B dū = 36 [84] . For M W R = 1.9 TeV and √ s = 8 TeV, this yields the cross section
Right-handed W R bosons decay as W R → qq, eN , W Z and W H, the latter two decays through the suppressed W boson mixing angle ∝ sin 2 θ W LR . We assume that there is only one heavy neutrino N lighter than W R and there are no other particles below M W R . Neglecting SM particle masses kinematically, the respective partial decay widths as enumerated in [44] are given as
The heavy neutrino decays for the eejj signature through the three-body decay N → ejj via an off-shell W R . Allowing for the potentially sizable W boson (sin θ W LR ) and LR neutrino (sin θ N LR ≡ Θ e1 , i.e. the coupling of the only accessible neutrino to the electron due to LR mixing) mixing, it may also decay as N → eW , ν e Z and ν e H [85, 86] . We assume that the heavy neutrinos are largely aligned with the charged lepton, i.e. the right-handed equivalent of the PMNS mixing matrix is close to unity and V N e ≈ 1. In our calculations we treat the accessible heavy neutrino as a Dirac particle. Again neglecting SM particle masses kinematically, the respective partial decay widths as discussed in [8, 87] are
The above decay widths of W R and N include all relevant couplings, especially the W −W R and ν −N mixing, consistently, which has not been done in previous analyses of the LHC excesses. Note, although we have given the formulas in the massless SM limit, we use the complete mass dependence in our calculation. It is also important to point out that we assume that the additional scalars in our model are heavier than W R and N R , and hence their decays are not present. In case such mass hierarchy is not possible, the decays of W R , N R to the heavy scalars should also be taken into account. Combining the W R production cross section and the decay widths, we can compare the experimentally suggested cross sections in Eqs. (28) and (29) maining parameters are chosen as M N = 1.6 TeV and sin θ N = 0. As can be seen and as has been noted in [44] , the dijet excess (assuming compatibility with the nonobservation of tb) points to a right-handed gauge coupling with g R /g L ≈ 0.6 whereas the diboson excesses suggest a sizeable W boson mixing of ≈ 1.5 × 10 −3 . It is now very interesting to see from our analysis that the eejj excess can be explained for the same values together with the diboson and dijet excesses.
The diboson and dijet cross sections only depend weakly on the neutrino mass and the LR neutrino mixing. On the other hand, the eejj cross section delicately depends on these parameters through the branching ratios Br(W R → eN ) and Br(N → eqq). The latter is a threebody decay and thereby suppressed as (M N /M W R ) 4 . For a small neutrino mass, this decay has to compete with the two-body decays via left-handed current due to the small but sizable LR W boson mixing and the potentially sizable LR neutrino mixing, cf. Eq. (33) . The compatibility of the predicted eejj cross section with the observed excess is shown in Fig. 4 as a red band in the (M N -sin θ N LR ) parameter plane. The other parameters are fixed to lie in the 'best fit' intersection of Fig. 3 . The other excesses are compatible for this choice over the whole (M N -sin θ N LR ) parameter plane within uncertainties. Also shown are iso-contours for the branching ratios Br(W R → eN ) and Br(N → eqq), the product of which results in the shape of the red region. For negligible LR neutrino mixing sin θ N LR ≈ 0, there are two solutions: a large neutrino mass M N ≈ 1.6 TeV (as used explicitly in Fig. 3 ) and a small neutrino mass M N ≈ 0.3 TeV. In between these values, the excess could be explained through the inclusion of large LR neutrino mixing up to sin θ N LR ≈ 2×10 −3 , of the same order as the suggested LR W boson mixing. We thus demonstrate that by interpreting the excesses in such a simplified LRSM would have profound impact on the properties of the heavy neutrino.
It is interesting to note that for such a sizable LR mixing, the heavy neutrino can dominantly decay via two-body left-handed current processes. The left-most blue contour in Fig. 4 denotes a constant branching ratio Br(N → eqq) = 5%, i.e. with the remaining 95%, the neutrino decays via a left-handed current process. This opens up the possibility that the eejj final state is not only produced through W R → eN → eeW * R → eejj but also W R → eN → eeW → eejj via a SM W . While the kinematics and topology, and thereby the selection efficiency in the respective search, are very much different for the latter process, it may be able to 'pollute' the eejj signal. Although a very tentative conjecture, this may explain the absence of a localized excess in the m 2 e2qq distribution of the eejj search. This situation is especially expected to arise for lighter heavy neutrino masses, as this scenario favors the neutrino two-body decay and the resulting SM W would not be so strongly boosted, increasing the chance of reconstructing the jets.
VI. CONCLUSIONS
The excesses around the resonant energy of 2 TeV found in LHC searches are arguably the most promising hint for new physics to emerge at the LHC so far. While individually not very significant due to the large number of LHC searches, their coincidence at around 2 TeV provides motivation to interpret them. In this work we have attempted to do so in a left-right symmetric model where the excesses are produced through the decays of a right-handed W R boson with mass ≈ 2 TeV.
The right-handed charged W R boson naturally arises in a left-right symmetric model with Higgs doublets and spontaneous D-parity breaking. Unlike manifest leftright symmetric models where the gauge couplings satisfy g R = g L , in the present case we have g R /g L ≈ 0.6 around the TeV scale. This value is predicted due to D-parity breaking in an SO(10) GUT embedding with Pati-Salam symmetry SU (2) L × SU (2) R × SU (4) C as its highest subgroup. The sub-eV neutrino masses are explained via a linear seesaw, where the suppression of the neutrino masses come from the high D-parity breaking scale. The heavy neutrinos are pseudo-Dirac to a high degree, which means that no signs of lepton number violation would be expected at the LHC. Indeed, 13 of the 14 events in the pp → eejj signal observed by CMS are opposite-sign electrons [7] .
Due to the extra suppression of g R in our model, the W R production decreases at the LHC. This helps to understand the eejj and jj excesses as shown in Fig. 3 The main information on the heavy neutrino sector comes from the interpretation of the eejj excess through the decay W R → eN where the heavy neutrino N subsequently decays via an off-shell W R as N → ejj. We work in a simplified scenario with a single heavy neutrino lighter than W R that has a potentially large mixing sin θ N LR
10
−3 with the light neutrinos, cf. Fig. 4 . We would like to highlight that such a large left-right mixing would induce large contributions to neutrinoless double beta decay via the so called λ and η diagrams. In fact, Eq. (26) show that the limits from neutrinoless double beta decay are of the same order or better for M W R = 2 TeV. Especially the η contribution results in a stringent constraint on the mixing between the light and heavy neutrinos for M W R ≈ 2 TeV and sin θ W LR ≈ 10 −3 . Taken at face value, the corresponding limit θ would restrict the parameter space to the bottom of Fig. 4 with either M N ≈ 0.3 TeV or M N ≈ 1.6 TeV. In comparing LHC and neutrinoless double beta decay in this way we assume that the effective mixing parameters are of the same order, sin θ N LR ∼ θ 0ν , which could be violated for non-trivial flavor mixing structures. Large W and neutrino mixing have the effect that at the LHC the purely right-handed current three-body decay of N is competing with left-handed current decays. This can have important implications when interpreting the eejj excess.
We have performed the analysis of the recent excesses, including the CMS eejj excess in an effective LRSM framework that incorporates a single heavy neutrino N lighter than W R and that consistently allows for nonuniversal gauge couplings g R = g L and potentially sizable W − W R and ν − N mixing. Our results, specifically Figs. 3 and 4 apply to other models in such a context.
If the excesses at around 2 TeV were to be confirmed by future data to originate from a W R in a left-right symmetric context, it would have profound implications. The reach of LHC Run-2 for LRSM models for 13 TeV has been explored in a number of papers [40, 44, 81] . Due to a rapid increase in the production cross section of W R , with a few fb −1 of data, it should be possible to confirm the presence of a W R in the dijet channel. We have assumed that additional scalars in our model are heavier than M W R ; shall this not be the case, the decays of W R via additional scalars can also be explored at 13 TeV. The production of a heavy Z R also present in the model will be difficult because the ratio of gauge couplings is close the theoretically allowed limit and the mass of Z R increases rapidly in this regime. Even disregarding the wider impact on Beyond-the-Standard Model physics and the path of gauge unification, it would directly affect neutrino physics and imply that B − L violation and neutrino mass generation occurs at the TeV scale or below. Moreover, it will strongly disfavor models of high scale leptogenesis [84] . In such a case, the explanation of the baryon asymmetry of the universe could be found closely above or even below the electroweak scale [27] [28] [29] . Moreover, the W R predicted around 2 TeV can lead to an interesting dark matter phenomenology as explored recently [82] .
